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[57] ABSTRACT 

Two collocated, weakly coupled probes, on loop and 
one dipole, detect the magnetic and electric fields inside 
a maser cavity. Signals from the probes are compared in 
phase, and the signal output from the phase detector is 
applied to a varactor, the reactance of which is coupled 
into the cavity by a microwave coupler. Alternatively, 
the varactor may be placed inside the cavity. Any devi- 
ation of phase from 90® as detected by the phase detec> 
tor will then produce an error signal that will change 
the reactance coupled into the resonant cavity to 
change its reactance, and thus correct its resonance 
frequency. An alternative to using two probes is to use 
a single disk probe oriented to detect both the magnetic 
and electric fields, and thus provide the error signal 
directly. 

11 Claims, 3 Drawing Figures 
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MASER CAVITY SERVO-TUNING SYSTEM 

ORIGIN OF INVENTION 

The invention described herein was made in the per- ^ 
formance of work under a NASA contract and is sub- 
ject to the provisions of Section 305 of the National 
Aeronautics and Space Act of 1958, Public Law 85-568 
(72 Stat. 435; 42 USC 2457). 
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BACKGROUND OF THE INVENTION 

This invention relates to devices having a resonant 
cavity, and more particularly to a servo system for 
stabilizing the cavity resonance. 

Any finite Q cavity relied upon to have a constant 
resonance requires a servo-tuning system to compensate 
for cavity pulling effect, i.e., to compensate for the 
undesired change from a specified frequency, due to 
any change in the dimensions of the cavity, particularly 
a high Q cavity and other effects contributing to long 
term frequency drift. While reference is made to masers, 
an acronym for microwave amplification by stimulated 
emission of radiation, it is in the generic sense that it is 
used here to refer to any finite Q cavity, even though 
the specific example described is a maser in the more 25 
limited sense. 

The acronym laser for light amplification by stimu- 
lated emission of radiation has been commonly used to 
refer to masers that operate at frequencies in the optical 
region of the electromagnetic spectrum, rather than in 30 
the longer wavelength (microwave) region. However, 
it will be appreciated from the following description of 
the invention that in theory the present invention is not 
restricted to the microwave region, although in practice 
it may be difficult to implement the invention with a 35 
shorter wavelength. Consequently, as noted above, the 
term maser refers to any resonant cavity, including 
resonant cavities used for such applications or in such 
devices as klystrons and tuned microwave filters. The 
practical limits of radiation wavelength will be appreci- 40 
ated, and as technology improves for sensing the phase 
relationship between the electric and magnetic fields of 
the radiation inside the cavity, the limit may be ex- 
tended well into the shorter wavelength of visible light. 

The problem with masers has been cavity tuning. 45 
Prior-art schemes for servo tuning can adversely affect 
the performance of the maser. They require either sig- 
nal injection into the cavity, modulation of the cavity 
frequency, or modulation of the atomic line Q in order 
to provide an effect that can be sensed to determine 50 
when the cavity frequency has shifted in order to tune 
the cavity. This injection of a “tracer” of some form 
capable of being sensed can only have an adverse effect. 

It would be preferable to use a passive system to sense 
drift in the cavity frequency, i.e., to sense drift without 55 
injection of any tracer, in order to adjust the cavity 
tuning through a servo, thereby obviating any risk of an 
adverse effect on the performance of the maser. 

SUMMARY OF THE INVENTION 

In accordance with the present invention, the phase 
relationship between the electric and magnetic fields of 
the finite Q cavity is sensed. The phase angle is nor- 
mally 90“ for the proper resonance condition. Any vari- 
ation in the phase angle from this normal condition is 65 
detected and used to drive a cavity tuning servo. In one 
implementation of this invention, the phase angle may 
be detected by two probes which are collocated in the 
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cavity, one a loop to detect the magnetic field and the 
other a dipole to detect the electric field. A disk of 
dielectric material may be used to support a thin film of 
conductive material on its edge of the loop, and to sup- 
port on one face a thin-film dipole. In that manner the 
probes can be made sufficiently small to have minimal 
effect on the maser resonance frequency. An error sig- 
nal proportional to the detected difference in the phases 
of the probe signals produced from the E and H fields is 
used to drive a varactor. The reactance of the varactor 
is then coupled into the cavity to tune the cavity reso- 
nance. 

The novel features of the invention are set forth with 
particularity in the appended claims. The invention will 
best be understood from the following description when 
read in connection with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of one example of the 
invention including magnetic and electric field probes 
within a maser cavity and a servo loop from the probes 
to a varactor the reactance of which is coupled into the 
cavity by a microwave coupler. 

FIG. 2 illustrates normalized maser cavity input im- 
pedance versus frequency on a Smith chart. 

FIG. 3 illustrates a preferred implementation of collo- 
cated loop and dipole probes for placement in the maser 
cavity. 

DESCRIPTION OF PREFERRED 
EMBODIMENTS 

Introduction 

Referring to FIG. 1 of the drawings, the dominant 
cause of the long term frequency drift in a hydrogen 
maser 10 is the slow change in the dimensions of the 
high Q cavity. Since the dimensions of the cavity must 
be held stable to approximately one angstrom to main- 
tain the frequency of the maser to one part in 10^ it is 
difficult to directly measure and control. This dimen- 
sional change must be overcome in some indirect man- 
ner which senses the cavity frequency drift and tunes 
the cavity back to resonance. Aside from overcoming 
the cavity pulling effect, servo tuning can also enhance 
the performance of the maser by reducing the sensitiv- 
ity to pressure variations, and compensating for anoma- 
lous frequency shifts often encountered in the hydrogen 
maser. 

A number of techniques have been previously pro- 
posed for cavity servo-tuning. These techniques are 
essentially based on either the modulation of the atomic 
line width, or the sensing of the cavity resonance. The 
technique of the present invention is based on the latter 
effect, and utilizes the phase relationship between the 
electric and the magnetic fields in a finite Q cavity. 

In order to better appreciate the present invention, 
brief discussions of servo tuning a cavity based on 
atomic line width modulation and on resonance sensing 
will first be presented. The principles on which the 
invention is based, namely generating an error signal 
from E and H field phase detection, will then be pres- 
ented. Following that a description of the preferred 
implementation of the invention shown schematically in 
FIG. 3 will be disclosed. 
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Cavity Servo-Tuning Techniques Based on Line Width 
Modulation 

The line width modulation technique is based on the 
influences of the quality factor, Q, on the atomic line, 5 
the Q of the maser cavity, and the mistuning of the 
cavity on the output frequency, fo of the maser. Desig- 
nating the deviation of the oscillator frequency from 
true resonance by Afo, the cavity frequency mistuning 
by Afc, and the cavity and line quality factors by Qcand 10 
Qi, respectively, the deviation is defined by the follow- 
ing equation: 

^fo^(Qc/Qi) * ( 1 ) 

According to equation (1), the mistuning of the cavity 
may be determined by changing the atomic line width. 
There are several ways in which this may be accom- 
plished. In the first, and most common way, it is accom- 
plished through the controlled modulation of the 
atomic beam flux, which in turn influences the contribu- 
tion of the spin exchange effect to the line width. See D. 
Kleppner, H. M. Goldenberg, and N. F. Ramsey, Phys. 
Rev. 126, 603 (1962). 

The modulation of the atomic flux may be accom- 
plished in a number of ways, including the modulation 
of the input power of the hydrogen gas dissociator. The 
most popular method for atomic beam flux modulation 
however involves the chopping of the beam and thus 
controlling the number of atoms which enter the maser 
storage bulb in the cavity. The resulting change in the 
maser output frequency is detected and used to deter- 
mine the cavity mistuning and thus to control the effect 
of the cavity drift. While this method has the advantage 
of simplicity and effectiveness, it nevertheless suffers 
from a number of problems including reproducible con- 
trol of the beam chopper and adverse influence on the 
performance of the maser due to periodic alteration of 
the signal-to-noise ratio in the maser and the effect of 
the varying output power on the phase transfer function 
of the electronics. 

Another technique for varying the width of the 
atomic line that has been attempted is the introduction 
of inhomogeneities in the magnetic field in the maser 
cavity. The resulting frequency change in the maser 
output frequency would be detected and used as above. 
This technique has not been used because of the diffi- 
culty in achieving the proper kind of controlled inho- 
mogeneity. 

Cavity Resonance Sensing Technique 50 

A number of techniques have been devised, in con- 
nection with the development of the passive hydrogen 
maser to servo tune the cavity by sensing the cavity 
resonance. One such technique involves the injection of 
a signal which has been square-wave frequency modu- 55 
iated by an amount approximately equal to the band- 
width of the cavity, and is centered on the atomic line. 

If the cavity is not tuned correctly, the two signals will 
be attenuated by different amounts as they traverse the 
cavity. This modulation of the amplitude of the injected 60 
signals is then used to generate an error signal which 
corresponds to the difference between the cavity reso- 
nance frequency, and the frequency of the injected 
reference signal. See C. Audoin, Revue Phys. Appl. 16, 

125 (1981). 65 

A somewhat similar technique employs a signal cen- 
tered on the atomic line which has been modulated by a 
sinusoidal wave to produce two side bands approxi- 
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mately one cavity bandwidth apart, with a carrier sup- 
pressed far enough to not perturb the maser operation. 
The modulation of the amplitude is again used to gener- 
ate an error signal which is used to tune the cavity to 
resonance. See H. T. M. Wang, Proc. 34th An. Symp. 
on Freq. Control, (Philadelphia, PA, 1980) p. 364. Fi- 
nally, in yet another technique, the cavity center fre- 
quency is square wave modulated about the hydrogen 
line frequency. The modulation of the amplitude is 
again used to measure the frequency offset. See H. E. 
Peters, Proc. 36th An. Symp. on Freq. Control, (Phila- 
delphia, PA 1982) p. 240. 

While all three techniques mentioned above are effec- 
tive in cavity servo tuning, they nevertheless involve 
either the introduction of a signal in the cavity, or mod- 
ulation of the cavity frequency. In either case, it is diffi- 
cult to prevent the introduction of noise in the cavity 
and modification of the maser performance. Further- 
more, these techniques are difficult to implement, and 
require the use of low noise and high performance elec- 
tronic components which are difficult to develop. 

Cavity Resonance Sensing by Phase Comparison 

In a resonant cavity the energy is stored in both the 
electric and magnetic fields. For a cavity of infinite Q, 
the E and H fields are in temporal and spatial quadra- 
ture. For a lossy cavity the temporal phase becomes an 
arccotangent function of the fractional frequency offset 
of the signal frequency from the cavity center fre- 
quency, normalized to the cavity bandwidth. This fact 
is illustrated by the input impedance of the cavity 
shown in the Smith chart of FIG. 2. The cavity input 
impedance is small far from resonance, and complex 
near resonance. At resonance, the input impedance is 
real. This, too, implies that the phase of the electric and 
the magnetic fields may be used to determine the cavity 
resonance. 

The development of a cavity servo-tuning system 
based on the principles outlined above can be illustrated 
by the following, not necessarily optimum, technique. 
Two weakly coupled probes are collocated inside the 
cavity 12 , one loop 14 and one dipole 16 , supported by 
some dielectric material schematically illustrated by a 
dotted line box 18 . The two probes are supported on an 
end plate of the cavity at a position away from the end 
plate approximately one tenth the length of the cavity. 
The loop is positioned perpendicular to a radial line, 
and the dipole is positioned within the loop on the same 
plane as the loop. The objective is to so position the 
probes that they couple some E and H energy out, but 
not so much as to effect the Q of the cavity, and to so 
orient the probes that the E and H signals are equal for 
the desired resonance condition of the cavity. In that 
manner, two separate but collocated probes can be used 
to detect the magnetic and the electric fields in the 
cavity. Signals from the two probes are compared in 
phase in a manner similar to that illustrated in FIG. 1. A 
deviation of phase from 90® as detected by a phase de- 
tector 20 will then signal the departure of the cavity 
from its resonance condition. The signal from the phase 
detector 20 may be used in conjunction with a varactor 
22, the reactance of which is coupled into the cavity, to 
tune the cavity back to resonance. 

The sensitivity of this technique in tuning the cavity 
may be illustrated by a simple calculation. Assuming 
typical values of 35000 for the Q of the maser cavity, 
and 10^ for the hydrogen line Q, and designating BW 
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for the cavity bandwidth, BW=40571 Hz with these 
parameters. The cavity bandwidth corresponds to a 
phase shift of 90“ . Assuming a sensitivity of 1 X 10”^ 
radian for the phase detector, the technique will be 
sensitive to a fractional frequency deviation of 5 
4.6X 10-^6. 

The implementation of the phase sensing of the cavity 
resonance requires careful design of the probes and 
their location, as well as low noise amplifiers 24, 25 for 
the detection of the E and H signals. An alternative to 10 
using two probes and detecting the difference in the E 
and H signals, a single conductive disk may be used as 
a probe for both the E and the H field by orienting it 
properly at some acute angle with respect to the radial 
instead of 90“ , the exact angle being determined empiri- 15 
cally for the particular shape of the disk (circular, ellip- 
tical or even rectangular) to produce desired coupling 
of E and H energy into the disk. A single probe would 
thus produce a signal on a single coaxial lead that is the 
vector sum of the E and H. fields. That vector sum will 20 
have a predetermined value for the resonant condition, 
and deviation from that as a reference is then an error 
signal for the servo-tuning system. In either case of one 
or two probes, this method, unlike the other cavity 
sensing techniques mentioned above, dispenses with the 25 
need of injecting signals in the cavity, and therefore 
does not adversely affect maser performance. 

Implementation 

FIG. 3 illustrates a preferred implementation of the 30 
one example that uses two probes supported on a ce- 
ramic chip 18'. The loop 14 for the H field and the 
dipole 16 are provided by depositing a thin conductive 
film in the pattern shown. Vapor deposition and photo- 
resist etching techniques may be used for fabricating 35 
these probes of the very small dimensions required. 
Coaxial leads connect the probes to the low-noise am- 
plifiers 24 and 25. 

The outputs of these amplifiers are compared in phase 
by first combining these output signals with a signal 40 
from a local oscillator 26 in double balanced (diode 
ring) mixers 27 and 28, and then after amplification of 
the difference frequencies out of the two mixers by 
buffer amplifiers 29 and 30, phase detected by another 
double balanced mixer used as a phase detector. The 45 
Hewlett-Packard double balanced mixer model 
10514A, a broadband device (200 kHz to 500 MHz) 
which uses four hot carrier diodes in a ring, is one exam- 
ple of a commercially available mixer suitable for the 
present invention. It is capable of efficient operation as 50 
a low-noise phase detector. 

The difference between the inputs to the phase detec- 
tor 20 at the same frequency is a dc signal proportional 
to the difference in their phase. An operational amplifier 
31 with a feedback capacitor 32 is provided as a low- 55 
pass amplifier coupling the phase error signal to the 
varactor. The change in reactance which occurs in the 
varactor, i.e., the voltage-variable capacitance in a pn 
junction of a solid-state diode, is coupled into a loop 34 
inside the cavity by a microwave coupler 36 shown as a 60 
3-dB directional coupler, a quadrature hybrid junction 
that divides the input power at one port equally be- 
tween two other ports, and no power to the remaining 
port. Alternatively, the microwave coupler may be a T 
junction used as a simple coupler by means of a small 65 
circular hole as the junction. The hole acts as an an- 
tenna aperture which couples a small portion of the 
power incident from either of the two collinear ports 
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into the orthogonal port which is then coupled into the 
cavity 12 by the probe 34. 

An alternative to using a microwave coupler would 
be to simply place the diode inside the cavity. This is 
feasible because of the very small size of the varactor, 
particularly when used without any separate housing, 
and with only some dielectric support for it, in order 
that it will not significantly effect the Q of the cavity 
except for its voltage variable capacitance. However, 
any effect other than that due to its variable capacitance 
will be small and, more significantly, constant. 

A sensitive technique for servo tuning of a maser 
cavity has been disclosed, both as to its concept and a 
preferred mode of practicing the technique, which is 
based on detecting the phase relationship between the 
magnetic and the electric fields in the cavity with an 
appropriate probe or probes to maintain the resonance 
condition. 

The implementation of this technique in a hydrogen 
maser requires care to insure effective tuning without 
disturbance of the maser performance. In particular, the 
light coupling of the E and H probes requires low noise 
amplifiers with little sensitivity to temperature varia- 
tions. The position of the probes in the cavity, and with 
respect to each other, should also be carefully deter- 
mined empirically to insure maximum signal with mini- 
mum disturbance to the maser power. The exact posi- 
tion will depend largely on the particular configuration 
and dimensions of the cavity. Preliminary investigations 
have yielded promising results for this technique in a 
hydrogen maser. 

Although particular embodiments of the invention 
have been described, it is recognized that modifications 
and variations may readily occur to those skilled in the 
art. Consequently, it is intended that the claims be inter- 
preted to cover such modifications and variations. 

What is claimed is: 

1. A method for servo tuning a finite Q cavity to 
stabilize its resonance frequency comprising the steps of 

detecting the phase difference between the magnetic 
and the electric fields in the cavity, and 

in response to the detected phase difference, chang- 
ing the reactance inside said cavity to correct any 
drift in resonance frequency. 

2. A method as defined in claim 1 wherein the step of 
changing the reactance inside said cavity to correct 
resonance frequency is effected by placing a voltage 
variable reactance element inside said cavity, and 
changing the reactance of said element in response to 
said detected deviation. 

3. A method as defined in claim 1 wherein the step of 
changing the reactance inside said cavity to correct 
resonance frequency is effected by placing a voltage 
variable reactance element outside of said cavity, and 
coupling the changed reactance of said element into 
said cavity with a microwave coupler. 

4. A method for servo tuning a finite Q cavity to 
stabilize its resonance frequency as defined in claim 1 
wherein detecting the phase difference between the 
magnetic and the electric fields in the cavity is accom- 
plished by using two probes, a loop for detecting the 
magnetic field and a dipole for detecting the electric 
field to produce separate signals in response to the two 
fields, 

comparing the phase of the separate signals to detect 
deviation of their phase from 90“, and 
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in response to the detected phase difference, chang- 
ing the reactance inside said cavity to correct any 
drift in resonance frequency. 

5. A method as defined in claim 4 wherein the step of 
changing the reactance inside said cavity to correct 5 
resonance frequency is effected by placing a voltage 
variable reactance element inside said cavity, and 
changing the reactance of said element in response to 
said detected deviation. 

6. A method as defined in claim 4 wherein the step of 10 

changing the reactance inside said cavity to correct 
resonance frequency is effected by placing a voltage 
variable reactance element outside of said cavity, and 
coupling the changed reactance of said element into 
said cavity with a microwave coupler. 15 

7. Apparatus for servo tuning a finite Q cavity to 
stabilize its resonance frequency comprising 

means for detecting the phase difference between the 
magnetic and electric fields in said cavity, and 

means responsive to said phase detecting means for 20 
changing the reactance inside of said cavity to 
correct any drift in resonance frequency. 


8. Apparatus as defined in claim 7 wherein said means 
for detecting said phase difference is comprised of two 
probes inside of said cavity, one a loop for detecting the 
magnetic field and one a loop for detecting the electric 
field, and means responsive to signals from said probes 
for detecting the phase difference between the signals 
and for low-pass filtering the detected difference, 
thereby producing a dc error signal. 

9. Apparatus as defined in claim 8 wherein said means 
responsive to said phase detecting means for changing 
the reactance inside of said cavity to correct any drift in 
resonance frequency is comprised of a voltage variable 
reactance element outside of said cavity, and means for 
coupling the reactance of said element into said cavity. 

10. Apparatus as defined in claim 8 wherein said two 
probes are collocated in said cavity. 

11. Apparatus as defined in claim 10 wherein said two 
probes collocated in said cavity are supported in the 
same plane by a structure of dielectric material having a 
plane face on which said probes are placed, with the 
dipole inside the loop. 
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